Abstract. The sulfur requirements of tobacco (Nicotiana tabacum L. var. Xanthi) XD cells grown in chemically defined liquid media can be satisfied by sulfate, thiosulfate, L-cyst(e)ine, L-methionine or glutathione, and somewhat less effectively by D-cyst(e)ine, D-methionine or DL-homocyst(e)ine. SuHfate uptake is inhibited after a 2 hr log by L-cyst(e)ine, L-methionine, L-homocyst(e)ine or L-isoleucine, but not by any of the other protein amino acids, nor by D-cyst(e)ine. L-cyst(e)ine is neither a competitive nor a non-oompetitive inhibitor of sulfate uptake. Its action most closely resembles apparent uncompetitive inhibition.. Inhibition of sulfate uptake by L-cyst(e)ine can be partially prevented by equimolar L-arginine, L-lysine, L-leucine, L-phenylalanine, L-tyrosine or L-tryptophan, but is little affeoted by any of the other protein amino acids. The effective amino acids are apparent competitive inhibitors of L-cyst(e)ine uptake after a 2 hr lag. Inhibition of sulfate uptake by L-methionine cannot be prevented, nor can uptake of L-methionine be inhibited by any single protein amino acid. The results suggest the occurrence of negative feedback control of sulfate assimilation by the end products, the sulfur amino acids, in cultured tobacco cells.
Sulfate or a variety of more reduced forms of sulfate can satisfy the sulfur requirements of bacteria (18, 19, 23) , fungi (14, 15) , algae (12) and higher plants (22) . In microorganisms, reduced forms of sulfur control sulfate assimilation by inhibition or repression of the sulfate uptake mechanism, or by repression of the sulfate reducing enzymes. Several reduced forms of sulfur inhibit sulfate uptake in Penicillium chrysogenum (27) while only cysteine inhibits in Escherichia coli (8) . The sulfate transport system is repressed by cysteine in Salmonella typhimurium (6) . The sulfate reducing enzymes are repressible in several species of bacteria (7, 17, 25) , the apparent corepressor again being cysteine (9, 24) .
A role for reduced forms of sulfur in the regulation of sulfate assimilation in higher plants has not previously been established. However, nitrate assimilation in cultured tobacco cells can be controlled by amino acids through regulation of nitrate reductase (10) . The parallels in the biochemistry of nitrate and sulfate (1) , together with the widespread occurrence of regulated sulfate assimilation in microorganisms suggested that sulfate assimilation might also bte regulated by amino acids in cells of higlher plants.
It will be shown that the sulfur containing amino acids are effective as both sulfur sources and as 1 Present address: Department of Botany, Unive'rsity of Aberdeen, Aberdeen, Scotland. 1253 inhibitors of sulfate uptake in cultured tobacco cells. Fturther, other anmino acids interact in the regulation of sulfate uptake. The l)attern of amino acid effects is similar to, but distinct from that found for the regulation of nitrate reductase in the same system (10).
Materials and Methods
Cells and Cultutre Conditions. The origin of the tobacco XD cell line (Nicotiana tabacum L. var. Xanthii) and the culture conditions have been described previously (11) . The basic culture mediuim, M-ID, is that of Wllite (26) with 0.5 mg/l 2,4-dichlorophenoxyacetic acid added and glycine omitted. For the studies reported here, the chloride salts were substituted for the sulfates of the M-1D medium. It was discovered in the course of this work that in order to make growth absolutely dependent upon sulfur added, it was necessary to remove contaminating sulfur from reagent grade sucrose used in the medium. This was done routinely after the initial nutritional studies. The stock solution of 20 % (w/v) sucrose in H,O was stirred for 30 min with Bio-Rad AG2-X8 in the hydroxyl form, 1 g resin per 20 g sucrose. Sucrose solution and resin were then separated by filtration. The cells used in this work were routinely maintained on sulfateless M-ID (made with purified sucrose) supplemented with 10'-M Na2SO4. Subcultures were initiated by diluting a 10 ml aliquot from a 10 day old culture into 200 ml fresh medium. Culture vessels were 500 ml Erlenmeyer flasks, cotton stoppered aind maintained in darkness at 280 on a reciprocal shaker operating at 95 cycles/min. Grozvth Experimients. Possible nutritional substitutes for sulfate, in the formii of concentrated stock solutions adjusted to pH 6.5, were sterile filtered through Millipore GS filters. They were tested by supplementing sulfateless M-ID (prepared with reagent grade sucrose) with 10-4 M of the sulftur compound and 2.5 -5 mm KNO3 so that nitrate would not be limiting. Tests of metllionine as a stulfur source were performed with equiniolar arginiine in the medium because earlier work had slhown that L-methionine inhibited growth, but not in the presence of arginine (10 were studied, appropriate aliquots of a freshly prepared sterile-filtered stock solution of amino acid adjusted to pH 6.5 were added at the time of addition of 85S. For studies involving variation in the concentration of sulfate, the 3 day old cultures were harvested by filtration on Miraclotlh, washed withi 2 aliquots of 50 ml of sulfateless M-1D medium and then resuspended in a medium with the desired amount of sulfate and 35SO4Q2 all under sterile conditions. Measurements of the uptake of an amino acid were made on cultures which had been grown in the presence of the amino acid for 3 days. Then 106 cpm of the amino acid, either 85S or 14C labeled, was added. If the effect of a second amino acid on the uptake of the first was being determined, the second amino acid was added at the same time as the radioactive form of the first amino acid.
Harvesting and Extraction. Cells were harvested by vacuum filtration on Whatman No. 1 filter paper. The cells were washed twice on the filter with 50 ml portions of a solutioni containing the non-radioactive form of the compound whose uptake was being measured, but at 10 times the medium concentration. The fresh weight of the suction dried cells was determined after their removal from the filter. If dry weights were determined, the cells were dried at 80O for 24 hr. The suction dried cells were homogenized in 5 ml 0. Measurements of sulfate uptake and amino acid uptake were made during the 20 hr beginning 72 hr after inoculation, i.e. well into the exponential phase. The dependence of the rate of sulfate uptake upon sulfate concentration follows Michaelis-Menton kinetics with Km for uptake of 1.5 X 10-5 M (Fig. 3) , based upon uptake over 20 hr. Uptake is linear over this time (Fig. 4) The presence of equimolar concentrations of some sulfur amino acids inhibited the uptake of sulfate (Fig. 4) . L-cyst(e)ine and L-homocyst(e)ine were the most potent inhibitors. It is interesting to note that although D-CySt(e) ine could support growth, it was without effect on sulfate uptake. The inhibitory effects of the sulfur-containing compounds only became apparent 2 hr after their application. The inhibition of sulfate uptake was clearly neither competitive nor non-competitive. It most closely resembled uncompetitive inhibition (Fig. 5) . L-cyst(e)ine does not act by accelerating efflux of sulfate from the cells (table II) . Besides the sulfur amino acids and glutathione, only L-isoleucine inhibited sulfate uptake. The degree of inhibition was variable. No explanation for the variability has been found.
Although the other protein amino acids were without effect on sulfate uptake when tested alone, they had marked antagonistic effects on the inhibition by L-cyst(e)ine and by i.-isoleucine (table III) (table IV) . Apparently the antagonists act by keeping the inhibitor out of the cell, which implies that the inhibitor must be inside the cell to affect sulfate uptake. On the other hand, uptake of L-methionine was not affected by any protein anmino acid, wlhich fits witlh the fact that inhibition of sulfate uptake by L-methionine was also unaffected. Lineweaver-Burk plots of the up- (Fig. 6 ). However the kinetics indicate that there is a lag of 1 to 2 hr before inhibition begins (Fig. 7) . The lag before the inhibitory amino acids act can be seen in the abrupt decrease in the rate of accumulation of 35S-Lcyst(e) ine about 2 hr after introduction of the inhibitory amino acid. Therefore, it is very unlikely to be a case of simple competition at the cell surface for L-cyst(e)ine uptake sites, which should happen instantaneously.
Discussion
The XD cells use a wider range of sulfur sources than can Chlorella. Although Chlorella can satisfv its sulfur requirements with thiosulfate or to a lesser degree, with methionine or cysteine, it does not grow well on glutathione or homocysteine as sulfur sources (12) . Escherichia coli also grows poorly on homocysteine (9).
The Km of 1.5 X 10-5 M for sulfate uptake by exponential tobacco cells closely agrees with that of 1 X 10-M in barley roots (13) Inhibition of sulfate uptake by other sulfur sources is well documented in microorganisms (6, 8, 27 ), although in Aspergillus, sulfate does not seem to be controlled by organic sulfur compounds (21) . Repression and end product inhibition of the enzymes concerned with sulfate reduction is also well established in microorganisms (9, 17, 25 The interactions of amino acids with L-cyst(e)ine and L-isoleucine in sulfate uptake are reminiscent of interactions reported in other systems. In general, amino acid transport involves competition within groups of amino acids for uptake sites in bacteria (4) , fungi (5) and animal cells ' (16) . The transport of cysteine out of kidney cells is prevented by the presence of lysinie, arginine or ornithine (20) . Methionine uptake in Penicilliurn chrysogenum is inhibited only by methionine analogs under conditions of sulfur starvation, but on sulfur-rich mediutm, other amino acids inhibit its uptake (2) .
With the work reported here, a role for amino acids in the regulation of sulfate assimilation in XD cells, and possibly in higher plant cells in general, lhas been added to their previously established role in the control of nitrate assimilation j(10). The two assimilatory systems do not respond identically to eacli amino acid, but nevertheless an orderly relationship is apparent. The amino acids may be considered to consist of a group which accelerates both pathways (arginine, lysine); a grou'p which decelerates both pathways (methionine); a group which accelerates nitrate assimilation and decelerates sul-
